ABSTRACT Electromagnetically induced absorption (EIA) is a quantum phenomenon which occurs when detuned resonant laser fields interfere via atomic transition pathways. The transmission spectrum of a material experiencing EIA consists of an enhanced narrowband absorption line in between the two laser resonances. In this paper, we implement near-field interference of two microstrip radiators to produce a similar absorption mechanism. We propose a practical sensing application to detect foliage moisture by detecting the resonance shifts when sample leaves are made to perturb the near-field radiations. For the sensing, we exploit the anomalous phase signature that accompanies the EIA effect, instead of the amplitude signatures traditionally used in contemporary microwave sensors. The sensing using phase spectrum performs better than the amplitude-based sensing in harsh environments affected by noise and external interferences. Since the proposed EIA-based detector exploits multiple antenna interference in the near field, resonant sensing over distance is also possible. We demonstrate practical moisture detection using actual foliage samples with different moisture levels. We also develop a numerical dielectric model to estimate foliage moisture using full-wave electromagnetic simulations. We anticipate, from this paper, a way to produce low-cost and non-invasive microwave sensors that have reasonable sensitivity and which can be used in remote areas subjected to extreme weather environments.
I. INTRODUCTION
The invention of laser in the mid-twentieth century triggered the discovery of several other quantum phenomena that arise due to the interaction of coherent electromagnetic fields with states of an atomic or molecular system. One such phenomenon is the Electromagnetic Induced Transparency (EIT) which refers to the interference that occurs between alternative transition pathways that exist between the ground states and the final excitation atomic state. Consequently, this interference behavior eliminates the effects of an otherwise opaque medium so that it becomes transparent to the incoming electromagnetic wave [1] , [2] . Since the EIT is a highly resonant phenomenon, the associated dispersion has distinguished phase spectrum characterized by sharp slope changes and transitions [3] - [6] . The dispersion associated with EIT has led to the introduction of several unconventional applications such as the slow light [7] , [8] , possibility of optical transistors [9] , [10] , and the buffering of photonic signals [11] . While the EIT renders a narrow spectrum of perfect transmission, its complementary effect known as the electromagnetically induced absorption (EIA) defines a band of frequencies in which enhanced atomic absorption due to wave coherence is observed [12] . The EIA effect, although marked by significant loss of transmitted power, supports some exciting wave propagation concepts such as the anomalous dispersion which (in the context of EIA) has not yet been exploited in photonics and microwaves [3] , [13] - [15] .
We recognize the EIT and EIA as strictly quantum phenomena since both occur due to interaction of atomic structure with the incident resonant laser fields. However, due to the usefulness of the underlying dispersion properties, macroscopic structures have been designed at optical and microwave frequencies that mimic the quantum behavior [3] - [11] . A similar analogy exists between the historical events surrounding the theoretical prediction of the negative refractive index by Veselago [16] (which hypothetically occurs at atomic level) and its subsequent practical implementation via engineered periodic structures known as metamaterials [17] , [18] .
Our present work is rooted in two major research areas. First, we report a novel interference behavior in antennas that is analogous to the quantum-based EIA effect. Second, we exploit the unique phase dispersion associated with EIA to detect foliage moisture at microwave frequencies. The high absorption region is obtained when the resonant electric fields radiated from two closely-sized patch antennas are coherently combined at a receiver patch located in the near-field. From our viewpoint, the phase spectrum is more important since it bears a unique pattern of double slope reversal within the EIA band --a signature that can be used in moisture and other types of sensing [14] , [15] . Earlier, the anomalous dispersion has always been associated with the Lorentzian type resonances coinciding with a gain or an absorption spectral line [19] . In contrast, since the antennas inherently radiate with maximum amplitude at resonance, the associated phase spectrum bears a normal slope behavior. Hence it can be safely said that there is no other way than the induced interference mechanism to obtain an anomalous dispersion band in the radiated spectrum.
The principle of moisture detection is straightforward. When a moistened leaf is placed in the transmitter-receiver region, the effective dielectric constant of the radiation path is altered leading to a spectrum shift of the anomalous dispersion region. The extent of the spectrum shift corresponds to the moisture level in the foliage. Here we should emphasize the necessity of a distinguished signature in the field spectrum scanned by a microwave sensing device. Traditionally resonant microwave sensors search for an amplitude peak (or dip) to determine the resonant frequency and the associated quality factor (Q-factor) (see [14] and references therein). Our proposed moisture sensor, on the other hand, searches for the consecutive phase slope reversals and the slope value to characterize the associated resonance behavior. It has been demonstrated in the recently published papers that the use of phase spectral signature in sensing can drastically reduce the detection errors due to noise and equipment calibration [14] , [15] . Real leaf samples are collected and foliage moisture is quantized. Fresh and stressed out leaf samples are compared by characterizing the corresponding resonant behavior when placed in the EIA near-field spectrum. Using numerical full-wave methods, a correspondence between the moisture level, its resonant behavior and the effective permittivity is obtained and expressed in the form of calibration curve. Based on this research, we anticipate developing low power, non-invasive and highly sensitive water estimation and sensing prototypes. This paper is divided into six sections.
In Section II, we explain the concepts of EIT and EIA and elaborate their analogs in mechanics and electromagnetics. The methodology of interference superposition is explained in electrical circuits and the design of the radiative EIA structure based on microstrip antennas is presented. Section III presents the practical circuit with a comparison of simulation and experimental results. In Section IV, the foliage moisture experiment is discussed and resonant sensing at a distance is discussed in Section V. Section VI concludes the paper.
II. THE EIT, EIA AND THEIR ELECTRICAL ANALOGS
The focus of our paper is on the EIA phenomenon and its electromagnetic antenna analog. However, a discussion regarding its complementary effect i.e. the EIT is provided here for the purpose of completion. The EIT is a quantum interference phenomenon which involves two detuned laser fields interfering destructively in an otherwise absorptive atomic spectrum. To generate the interference, there is a requirement of two transition pathways that lead to the same final atomic state [2] . In a three-level atomic system, such as -type system depicted in Fig. 1a , the interfering paths are naturally provided by the atomic state transitions |1 -|3 and |2 -|3 . These two transitions are dipole allowed while |1 -|2 is dipole-forbidden. Consider the -system illuminated by probe and couple lasers with angular frequencies ω p and ω c , respectively. With the coupling laser is switched off, the familiar Lorentzian absorption profile is observed. When the couple laser is turned on with both of the lasers tuned to their respective atomic transition, the absorption is cancelled due to destructive interference, resulting in appearance of the transparency peak (Fig. 1a) . From the quantum perspective, the bare atom Hamiltonian H 0 is modified such that it then includes the interactions due to the two couplings leading to amplitude cancellations. This new Hamiltonian whose eigenstates are the linear superposition of the bare atomic states |1 , |2 , and |3 is given by [20] :
Whereh is the reduced Planck's constant and 1 and 2 are the Rabi frequencies corresponding to the two atomic states. In the context of classical electromagnetics, the interference between the alternate atomic transitions can be viewed as constructive and destructive interference of the propagating waves [20] , [21] . Based on the understanding that classical waves interact in similar manner, mechanical and electrical analogs of the EIT effect can be proposed [5] , [22] . As depicted in Fig. 1b , the classical mechanical analog consists of two masses m 1 and m 2 attached to each other and to the wall by springs of spring constants K and k. When only mass m 1 is subjected to an external harmonic force F ext e jωt , the Lorentzian profile is obtained. When the second mass is allowed to move, the standard absorption profile is modified leading to the observance of the transparency window. The interfering resonant behavior can be better understood by considering the electrical FIGURE 1. The electromagnetically induced transparency is explained in (a) The 3-level atomic systems using the quantum concepts. The transparency is achieved by interference of the two coupled paths that link the ground and excited states. In the absence of the coupling laser, the ususal Lorentzian amplitude profile is observed. When coupling is turned on, a narrowband transparency is observed (b) The mechanical analog of the EIT effect. (c) The EIT-like behavior in two branch series RLC resonators that resonates at detuned frequencies.
EIT-analog, depicted in Fig. 1c . The individual resonance paths resonate at different frequencies leading to the standard Lorentzian profiles (dotted curves in Fig. 1c ). When the two paths interfere constructively, a transparency window of unity transmission coefficient appears in the amplitude spectrum.
In the mechanical EIT model (Fig. 1b) , if an additional phase factor e jφ is applied to the spring coupling parameter K, the type of interference between the masses can become constructive leading to the EIA phenomenon [22] . Electromagnetically, the EIA effect can be obtained by designing two parallel propagation paths with band-pass responses that interfere constructively at the output, as shown in Fig. 2a . Here the pathways are constructed using parallel RLC filter banks that are joined by transmission line segments with total length amounting to d, an impedance of Z, and a phase constant of β. The combined ABCD matrix of each pathway can be written as:
where θ = βd, and the subscript n indicates the path 1 or 2.
Y n is the combined admittance of the N filters connected along the pathways:
Mathematically, the transmission (S 21 ) and reflection coefficients (S 11 ) can be obtained by applying forward transmission matrix (FTM) method on the two ports of the EIA circuit [23] . Accordingly, the S-parameters are calculated after inverting the FTM of the electrical EIA-analog ( Fig. 2a) and then multiplying it by the voltage source array, as follows:
With only one pathway connected, the individual band-pass response can be calculated by suppressing the A and B parameters of the second path in (4) . As depicted with the dotted curve in Fig. 2a , the transmission response in this case is centered on the corresponding spectral line, detuned from the other resonance. When the two pathways interfere, an enhanced absorption band is obtained in between the two pass-bands. More interestingly, the phase response follows a unique signature comprising of two consecutive VOLUME 6, 2018 FIGURE 2. The Electromagnetically Induced Absorption phenomenon is explained for microwave RLC circuits and antennas (a) The two resonant paths that interfere constructively are provided by parallel RLC filter banks. The filter parameters are slope reversals, an effect termed as anomalous dispersion in the classical physics [24] . The principle of resonance superposition can be applied to radiating elements such as the detuned microstrip antenna pair of Fig. 2b that radiate at two different frequencies. The interfering radiations are made to combine at the third microstrip patch, placed in the near-field. The antenna set-up containing the dual-band array and the receiver patch is simulated using the Full-wave electromagnetic software ANSYS HFSS TM . As shown in the transmission response plot of Fig. 2b , the interfering radiations contain the signature phase reversal and the attenuated amplitude, collectively known as anomalous dispersion. This unusual dispersion was initially revealed when dispersive behavior of materials was explained in the light of the Lorentz atomic model [19] , [24] . With reference to the EIA, however, the accompanying phase profile is highlighted here for the first time and was not considered in previous literature as a topic of concentration [12] . On account of its distinct dispersion, the anomalous dispersion has been exploited in applications related to negative (superluminal) group velocities and material characterization and sensing in noisy environments [14] , [15] , [19] , [25] . Note that the amplitude and phase spectra in the anomalous region are intimately related through the well-known Kramers-Kronig equations [26] , [27] . These relations can hold only if both real and imaginary field components in the radiated field are present, which can only happen in the Fresnel (near-field) region of the antenna. Hence in our antenna set-up, the receiver patch should be located within the near-field of the radiators.
Before going into the details of the moisture sensing experiment, a few points regarding the importance of water content characterization and the existing sensing methods are in order. Foliage moisture sensing is an important fragment of agriculture since the plant growth and crop production are highly sensitive to water content [28] . Plant water characterization is also an important indicator of the plant health. Therefore, it is desired for plant researchers to better understand the physiological processes, molecular mechanisms, and the plant's tolerance with respect to water stress. This understanding helps them envisage new and efficient watering procedures. Care should be taken while comparing plant species having different morphologies. In such cases, water content parameter may not be enough to draw a conclusive result as factors like degree of succulence, should also be considered [29] .
The plant water content can be either measured internally i.e. at the cellular level or it can be assessed by determining 
III. THE EXPERIMENTAL ANTENNA-BASED ON EIA
The theoretical EIA set-up outlined in Fig. 2b is practically implemented on Rogers 4003 substrate of thickness 1.52 mm and permittivity 3.5. The fabrication was done by the PCB milling machine and the transmission characteristics were measured using the Rohde & Schwarz, ZVL13 Vector Network Analyzer. The fabricated circuit along with the experimental and simulation curves is provided in Fig. 3 . Comparing the two curves, a good agreement can be seen. Around 4.8 GHz, the anomalous dispersion region is identified by the amplitude dip and double phase reversal. To find the best location to place the foliage sample, electric field distribution on the antenna is extracted from the ANSYS HFSS TM . As shown in Fig. 4a , a high intensity electric field distribution is seen over the two microstrip patches at the 4.8 GHz resonance. Hence, we anticipate the highest deflection of the resonant (EIA) region if a dielectric sample is placed above the high field region. Fig. 4b shows the placement of a foliage sample that perturbs the high patch surface fields. In fact, any dielectric sample placed here will result in spectral shift of the EIA region [15] . In a previous publication, environmental moisture was detected using a guided wave microwave structure [15] , [25] . It may be noted that the surface mounting of samples is one of the several placement possibilities that has been applied for high sensitivity. In fact, using the EIA radiation spectrum, detection can be done over a distance as long as the near-field condition is satisfied. For example, this method can also be used to detect tree-trunk diseases and anomalies where penetrating fields are required that are not present in the previous methods [15] , [25] .
IV. THE FOLIAGE MOISTURE SENSING EXPERIMENT A. BACKGROUND ON FOLIAGE MOISTURE AND ITS DETECTION
Recently, non-invasive sensors that work in the microwave and terahertz (THz) frequency ranges have been proposed. These sensors detect the extent of amplitude change in the water absorption spectral lines that occur in the two frequency bands [31] - [33] . The THz sensing methods include the time domain spectroscopy, continuous wave (CW) methods and the THz quasi time domain spectroscopy. However, the THz methods are expensive and not suitable mass-scale commercial deployment in large farms and agricultural lands [34] . Another, low-cost alternate to microwave and THz technology is the leaf-mounted thermal sensor arrangement which detect the thermal resistance of the leaf. Since the thermal contact resistance of leaves increases with moisture level, the heat flow changes when a leaf loses turgidity. The water levels are assessed by determining the thermal resistance VOLUME 6, 2018 which is done by injecting heat from micro-heaters that are connected to leaves via thermocouples [35] . The thermal sensors are cost-effective but do not work in harsh environments such as the middle east, and in particular UAE, where the ambient temperatures changes from 10 • C to 50 • C and humidity changes from 30% to 95% [36]- [39] .
In our EIA-based moisture detection method, we try to mitigate some of the difficulties in the existing sensing methods. The microwave circuit consists of copper lines and the measurement devices can work in a wide range of temperatures. Moreover, the sensing is done using phase measurements in the anomalous dispersion region. Hence noise and interference resistant designs are possible [13] - [15] , [25] .
B. THE FOLIAGE MOISTURE EXPERIMENT
The Foliage moisture sensing set-up of Fig. 4b is connected to the Rhodes and Schwarz VL13 Vector Network Analyzer (VNA) as depicted in Fig. 5 . The leaf moisture is characterized gravimetrically by measuring its weight and thickness over a seven day period. The moisture characterization, summarized in Fig. 6 , shows a non-linear reduction in weight and thickness as the leaf stresses out with the passage of time. Furthermore, the transmission coefficient is also determined each day by placing the sample leaf in the experimental environment (Fig. 5) . A sponge is placed over the leaf to improve the connectivity between the leaf and the antenna surface. By doing so, the phase measurements should not be affected as the sponge also has a unity refractive index (like air). The transmission coefficients for the leaf sample with various stress percentages are shown in Fig. 7 . For each measurement, the resonant frequency is extracted by determining the point of double phase reversal. Note the relation between the degree of stress (or absence of moisture) and the resonant frequency of the antenna set-up. Since the fresh leaf has highest moisture level (and highest permittivity), the resonant shift from its unloaded value is largest. With the reduction of moisture (over time), the permittivity of leaf decreases and resonance shifts towards the air resonance.
The relation between the moisture content and the resonant frequency is summarized in Table I . The change in moisture content is calculated by the difference in the initial (m i ) and final weights (m f ). The percentage change can then be defined as:
Considering Table 1 , it can be observed that frequency shifts are measurable for different moisture levels, which shows that the detection system has a reasonable and quantifiable sensitivity.
Finally, it is instructive to calibrate the sensor so that the circuit dimensions, sample size and position could be standardized. This is done by establishing a relation between the foliage moisture content and its effective dielectric constant. To perform the calibration procedure, we resort to the numerical methods by modeling the leaf as a slab of dielectric with a surface area approximately equal to the leaf size (45 × 20 mm 2 ). The slab is numerically placed on the EIA antenna system (Fig. 4b ) by implementing the model using full-wave finite-elements solver Ansys HFSS [40] . Initially, the simulations are performed without the sample (case of unit permittivity) and the sample's thickness is adjusted so that the resonant frequency coincides with the experimental curve of Fig. 7 . The standard dielectric model, thus obtained, matches the actual leaf results for a thickness of 1.5 mm. Once the model is finalized, transmission phase responses are generated by assuming different dielectric constants for the leaf model. The simulation results for four dielectric constants, depicted in Fig. 8 , show the same trend of resonant shifts towards lower frequencies with the increase in dielectric constants. Since the fresh leaf has highest water content, it has highest permittivity and results in the maximum resonance shift from the unloaded case. The resonant frequencies thus obtained for different permittivities can then be mapped to their corresponding moisture content using Table I and Fig. 7 . The results of the simulation study can be summarized in a calibration curve (Fig. 9) relating the moisture content to the respective dielectric constant. The valuable information depicted in Fig. 9 can be further used in predicting the plant behavior and improving the sensor design. Looking at anomalous dispersion regions in Figs. 7 and 8 , a difference the phase-slopes values can be noted for a stressed leaf and its corresponding dielectric model. This may be due to the fact that the dielectric and the conductor losses associated with moisture level are not considered in the electromagnetic leaf model. Since the experiment represents the real situation, there is a decrease in the anomalous phase-slope (along with the resonance shift) as the moisture level increases. This is also consistent with the Kramers-Kronig relations and the observations during the previous studies [14] , [15] , [25] - [27] . Hence compared to the other interference-based sensing schemes which only employ amplitude sensing [41] , [42] , there are two degrees of freedom associated with our proposed sensing scheme which leads to less ambiguous measurements and higher sensor accuracy [15] , [25] .
V. RESONANT SENSING-AT-A-DISTANCE
Usually, microwave resonant sensing is performed in high-Q cavities where samples are placed in high field regions either well inside the cavity or in its immediate vicinity [14] , [15] , [43] - [48] . In proposed sensing experiment, the sample was placed on top of the patches where it perturbed the emerging fringing fields. However, since proposed dual-antenna set-up works on the interference of near-field resonant radiations, the emanating fields also exist in the Fresnel region which considerably extends out of the antennas' plane. To verify the existence of the EIA interference at longer distances, a numerical model of the out-of-plane detection is set up in Finite-element based Electromagnetic full wave solver COMSOL. As shown in Fig. 10 . a, the near fields are sensed by means of an electrically small dipole placed in the plane orthogonal to the plane of the antennas. The scanning is started with the probe placed at a minimum distance of 0.4cm from the antennas and then the fields are sequentially probed upwards with an interval of 0.4 cm. The magnitude and the phase spectrum of the simulated electric field are plotted at each position and are depicted in Fig. 10 b. The presence of the near-field interference that leads to the anomalous dispersion can be clearly identified in the spectra by its characteristic amplitude dip and the double phase reversal. The EIA interference effects are evident until the probe position of z = 3.2 cm above the antenna plane. These results corroborate our initial assertion that by exploiting the EIA in the near-field of antenna interferers, resonant sensingat-distance possible. In the context of botany, this form of near-field sensing can be employed to determine anomalies in other (thicker) parts of a tree like its trunk. The thicker parts of the plant do not respond to the cavity sensors because the associated electric fields are contained and do not reach out. 
VI. CONCLUSION
We propose a microwave moisture sensor based on resonant interference mechanism similar to the quantum effect known as electromagnetically induced absorption (EIA). The interference is generated by superimposing the near-field radiation fields of two microstrip antennas that resonate on two detuned spectral lines. Consequently, the electromagnetic fields also emanate in the Fresnel region which make the resonant sensing-at-distance possible. More important is the phase spectrum that accompanies the induced absorption which is identified and exploited for the first time. The phase response of the antenna radiative spectrum consists of a double reversal of phase slopes known in the context of Lorentzian resonances as the anomalous dispersion region. This region is known for its noise resistant characteristics which can be exploited in sensing in harsh environments. We characterize foliage moisture by placing the fresh and stressed leaves on the EIA antenna set-up and determining the resonant shifts by detecting and characterizing the spectral deflection of anomalous dispersion region. We relate the resonant shifts of the phase spectrum to the percentage moisture content in the leaves. Furthermore, the leaf is modeled as a dielectric slab and a calibration curve is generated that correlates the leaf moisture with the slab's dielectric constant using fullwave electromagnetic modeling. We further demonstrate in full-wave simulations the existence of Fresnel fields by probing the near-field regions of the interfering antennas. The EIA effects have been observed at a considerable distance away from the sensor, indicating the possibility of resonant sensing-at-distance. The moisture sensor not only carries all the hallmarks of phase sensing but also possesses two degrees of freedom in moisture determination i.e. the phase slope and the resonant frequency both of which are related to the moisture level. Hence the detection errors are reduced which can lead to highly accurate moisture readings. He is currently interested in assessing the impact of climate change on desert ecosystems. He is also focusing on the impact of CO 2 enrichment on desert plants and the potentials for soil carbon sequestrations in our environment. His research work centers around ''sustainable management of desert ecosystems.'' The vast array of the uses of desert plants (e.g., landscaping and medicinal) are also part of his research interests.
